The metabolism of Clostridium acetobutylicum was manipulated, at neutral pH and in chemostat culture, by changing the overall degree of reduction of the substrate, using mixtures of glucose and glycerol. Cultures grown on glucose alone produced only acids, and the intracellular enzymatic pattern indicated the absence of butyraldehyde dehydrogenase activity and very low levels of coenzyme A-transferase, butanol, and ethanol dehydrogenase activities. In contrast, cultures grown on mixtures of glucose and glycerol produced mainly alcohols and low levels of hydrogen. The low production of hydrogen was not associated with a change in the hydrogenase level but was correlated with the induction of a ferredoxin-NAD reductase and a decreased level of NADH-ferredoxin reductase. The production of alcohols was related to the induction of a NAD-dependent butyraldehyde dehydrogenase and to higher expression of NAD-dependent ethanol and butanol dehydrogenases. The coenzyme A-transferase was poorly expressed, and thus no acetone was produced. These changes in the enzymatic pattern, obtained with cultures grown on a mixture of glucose and glycerol, were associated with a 7-fold increase of the intracellular level of NADH and a 2.5-fold increase of the level of ATP.
The complex anaerobic metabolism of Clostridium acetobutylicum has been studied in considerable detail in recent years, but the factors involved in triggering the metabolic shift, and the physiological state associated with the transition from the acidogenic to solventogenic phase, are still not totally understood.
In a number of studies, the effects of electron flow regulation, nutrient limitation, and end product accumulation on the onset and maintenance of solvent production have been investigated. In typical batch fermentations, initiation of solventogenesis is associated with a pH-acid effect. Lowering the intracellular pH and thereby increasing the concentration of undissociated butyric acid has a positive effect on the production of acetone and butanol (2, 13, 14, 28, 29, 38) . The alteration of the electron flow by carbon monoxide, a reversible inhibitor of the hydrogenase, can also induce the shift from an acidogenic fermentation to an alcohologenic one (9, 20, 25, 27) : alcohol (butanol and ethanol) and lactate production at very high specific rates is obtained, without acetone and little or no acetate and butyrate formation. The decrease of hydrogenase activity or concentration by iron limitation conditions (19) specifically yields butanol and ethanol as the major fermentation end products. It has also been shown, in continuous cultures at low pH, that phosphate limitation, nitrogen limitation, and glucose excess are conditions under which primarily solvents are produced by C. acetobutylicum (3, 4, 35) .
In this study, the metabolic flexibility of C. acetobutylicum was studied in chemostat culture by increasing the NAD(P)H pressure, using mixtures of glucose and a more reduced chemical like glycerol. The pH of the culture was maintained at 6.5 so that no changes could be related to the pH-acid effect previously cited. Furthermore, to understand the observed t This article is dedicated to the memory of Gilbert Durand. changes in the metabolism, the levels of the key enzymatic activities and the nucleotide pools were analyzed.
MATERIALS AND METHODS
Chemicals. All chemicals were reagent grade. Enzymes and coenzymes were obtained from Sigma Chimie (St. Quentin Fallavier, France). All gases used (carbon monoxide, hydrogen, nitrogen, and a mixture of nitrogen, carbon dioxide, and hydrogen) were of the highest purity available and were purchased from Air Liquide (Paris, France).
Organism and culture conditions. C. acetobutylicum ATCC 824 was stored in spore form at -20°C in the synthetic medium optimized by Monot et al. (30) except that ammonium acetate was replaced by ammonium chloride and the biotin and p-aminobenzoic acid concentrations were the optimal concentrations (0.04 and 8 mg/liter, respectively) described by Soni et al. (36, 37) . A 0.4-liter bioreactor was used for these studies. The bioreactor was stirred at 150 rpm, and the temperature was maintained at 35°C. The culture volume was kept constant at 0.25 liter by automatic regulation of the culture level. To create anaerobic conditions, the culture medium was sparged with nitrogen for 1 h, under constant stirring, immediately after sterilization (121°C, 20 min).
The bioreactor was inoculated directly with the spore suspension (10% [vol/vol]). The culture was grown in batches for 17 to 20 h before the medium flow was started at a dilution rate of 0.05 h-l. To keep the continuous culture stable, the feed medium was phosphate limited but not potassium limited and contained the following ingredients (per liter of distilled water): carbon source, glucose, or mixtures of glucose and glycerol with a constant total carbon amount of 995 mmol; KH2PO4, 0.1 g; KCl, 0.65 g; MgSO4 * 7H20, 0.2 g; FeSO4 7H20, 0.028 g; NH4Cl, 1.5 g; biotin, 0.04 mg; paminobenzoic acid, 8 mg; and structol (antifoam), 0.1 g. The pH of the feed tank was lowered to 2.5 with H2SO4 to avoid glucose degradation and Fe2+ oxidation during sterilization. When mixtures of glucose and glycerol were used, the medium was supplemented with CoCl2 6H20 (0.01 g/liter). Vitamins were not autoclaved and were sterilized by filtration.
After sterilization, the feeding medium was sparged with nitrogen until it reached room temperature (for several hours, depending on volume). During the experiment, the feed tank was maintained under nitrogen pressure (30 mbar [1 bar = 105 Pa]) to avoid oxygen entry. All tubing was made of butyl rubber, and the bioreactor was protected from oxygen with a pyrogallol arrangement (36) .
The pH of the culture was maintained by automatic addition of 6 N NH40H. The bioconversion was monitored for at least nine volume changes to reach the steady state. Samples were taken from the bioreactor with sterile syringes.
Measurement of fermentation parameters. Biomass was measured by cell dry weight determination. The concentrations of glucose, glycerol, lactate, 1,3-propanediol, solvents, and acids were analyzed by high-pressure liquid chromatography (HPLC) (model 510 HPLC pump; Waters Associates, Milford, Mass.) equipped with an automatic sampler (SP 8775; Spectra Physic France, Les Ulis, France) and an integrator (Intersmat ICR 1B; Shimadzu, Kyoto, Japan). The separation was obtained with an Aminex HPX-87H (Bio-Rad, Chemical Division, Richmond, Calif.) column (300 by 7.8 mm). The operating conditions were as follows: temperature, 17°C; mobile phase, H2SO4 (0.125 mM); flow rate, 0.5 ml/min. The fermentor effluent gas was measured by a gas flowmeter and analyzed by gas chromatography with a gas chromatograph (Intersmat 16F 120; Shimadzu) equipped with an integrator (Intersmat ICR 1B). The separation was obtained with a Poraplot Q column (2 m by 0.125 in. [ca. 0.32 cm]) and a molecular sieve. Helium was the carrier gas, at 3.6 bar, and the operating temperature was 40°C.
Calculations. The specific rate of NAD(P)H formation from reduced ferredoxin (qNAD(P)H from fd) was calculated as follows: qNAD(P)H from fd qethanol + 2 qbutanolqacetate 2 qacetoin -2 qacetone qglyceroi.
Preparation of cell extracts. Anaerobic conditions were maintained throughout the entire procedure. Sixty-milliliter samples were removed from the steady-state chemostat cultures and centrifuged (9,000 x g for 30 min at 4°C) in 25-ml Beckman centrifuge tubes, sealed with butyl rubber stoppers, and capped with aluminum tops. These tubes were previously equilibrated with the gaseous mixture (80% N2, 10% C02, and 10% H2) used within the anaerobic workstation (bubble system; La Cahlene, Velizy, France).
All of the following manipulations were performed in the anaerobic workstation. Previous attempts to maintain anaerobic conditions outside the workstation by a continuous nitrogen flux resulted in unreliable activity with the following enzymes: hydrogenase, ferredoxin-NAD(P) oxidoreductases, and pyruvate ferredoxin oxidoreductase. Harvested cells were resuspended in 3 ml of 100 mM oxygen-free Tris hydrochloride buffer (pH 7.6) containing 2 mM dithiothreitol (DTT). Cell suspensions were sonicated in an ultrasonic desintegrator (Vibracell 72434; Bioblock, Illkirch, France) at 0°C in four cycles of 30 s with 2-min intervals. Six-milliliter Pyrex tubes with conical bottoms were used, since they improved the sonication efficiency. Cell debris was removed by centrifugation at 13,000 x g for 2 min (Hettich Microliter centrifuge; Bioblock).
Protein content of cell extracts was estimated by the method of Bradford (6) because this procedure is not subject to interference by thiol reagents. Enzyme assays. Unless otherwise indicated, all enzyme assays were performed in the anaerobic workstation discussed above at 30°C with 20-times-concentrated cell extracts. All reagent solutions were prepared in distilled water (previously boiled and degassed with oxygen-free nitrogen) and kept under a nitrogen atmosphere. Specific activities were determined in a range where linearity with protein concentration was established. Each enzyme assay was done in duplicate on three extracts. One unit of enzyme activity is defined as the amount of enzyme that catalyzes the conversion of 1 ,umol of substrate per min. Unless otherwise stated, all enzyme activities were determined in the physiological direction. The concentrations of components in the reaction mixtures (1-ml total volume) used for analysis of specific enzymes are given below.
Hydrogenase (EC 1.12.7.1) in the direction of methyl viologen reduction was assayed as described by Junelles et al. (19) , modified as follows: 100 mM potassium phosphate buffer (pH 7.2); 20 mM methyl viologen; 20 mM DTI; 1 atm of hydrogen gas in the headspace.
Hydrogenase in the direction of hydrogen production was assayed as described by Mortenson (31) , modified as follows: 50 mM Tris hydrochloride (pH 8.0); 1 mM methyl viologen; 60 mM sodium dithionite. Hydrogen production was determined in a Warburg manometer with 2 ml of reaction mixture.
Ferredoxin-NAD(P) reductase was assayed with pyruvate as the reductant of ferredoxin and under an atmosphere of carbon monoxide by the method of Petitdemange et al. (34) , modified by the addition of partially purified pyruvate ferredoxin oxidoreductase to avoid a limitation of NAD(P) reduction by the availability of reduced ferredoxin. Purification of pyruvate ferredoxin oxidoreductase was carried out as previously described (39) from C. acetobutylicum cell extract obtained in the presence of 1 mM thyamine pyrophosphate. The apparent Km and Vmax of this enzyme (from a DEAE-cellulosetreated extract) were calculated from Lineweaver-Burk plots which displayed standard Michaelis-Menten kinetics. NAD(P)H-ferredoxin reductase was measured by the metronidazole reduction methods of Blusson et al. (5) .
Ethanol, butanol, acetaldehyde, and butyraldehyde dehydrogenases (EC 1.1.1.1 and EC 1.2.1.10) were assayed by the optimized methods of Durre et al. (10) except that substrate concentrations were, respectively, as follows: acetaldehyde, 20 mM; butyraldehyde, 11 mM; acetyl coenzyme A (acetyl-CoA), 0.5 mM; and butyryl-CoA, 0.3 mM.
CoA-transferase (EC 2.8.3.) was assayed by monitoring the decrease in A310 as an indication of the disappearance of the enolate form of acetoacetyl-CoA (extinction coefficient, 8.0 mM-1 cm-1) as described by Weisenborn et al. (44) : 0.1 M Tris hydrochloride (pH 7.5); 150 mM potassium butyrate or acetate (pH 7.5); 20 mM MgCl2; 0.3 mM acetoacetyl-CoA; 5% (vol/vol) glycerol; 2 mM DTT. A dialyzed cell extract was used [15 h of dialysis at 4°C against degassed 0.1 M Tris hydrochloride (pH 7.6) with 2 mM DTT, 0.5 M (NH4)2SO4, and 20% (vol/vol) glycerol; volume ratio, 1,000]). The addition of acetoacetyl-CoA initiated the reaction. Anaerobic conditions were not used during the assay. Spontaneous hydrolysis of acetoacetyl-CoA was measured by omitting potassium butyrate or acetate and was subtracted from the slope obtained when butyrate or acetate was included in the cuvette.
Acetoacetate decarboxylase (EC 4.1.1.4) was assayed as described by Andersch et al. (1) ; in this assay, CO2 production is determined in a Warburg manometer with 3 ml of reaction mixture. Anaerobic conditions were not used.
Acetate kinase (EC 2.7.2.1) and butyrate kinase (EC 2.7.2.7) activities, in the nonphysiological direction, were determined by measuring the rate of ADP production with pyruvate kinase and lactate dehydrogenase as described by Andersch et al. (1) . Acetate kinase in the physiological direction was assayed as described by Lamed (42) . A dialyzed cell extract (as described above for the CoA-transferase assay) was used, and the assay was performed under aerobic conditions. The reaction was initiated by the addition of acetoacetyl-CoA. Spontaneous hydrolysis of acetoacetyl-CoA was measured by omitting the extract.
Pyridine nucleotide reduction or oxidation was measured at 340 nm (8340 = 6.22 mM 1 cm 1), methyl viologen reduction was measured at 578 nm (8578 = 9.78 mM 1 cm 1), and metronidazole reduction was measured at 320 nm (8320 = 9.31 mM-' cm-'). A spectrophotometer (model 8452A; Hewlett-Packard, Les Ulis, France) coupled to a microcomputer (model 9000/300; Hewlett-Packard) was used for the enzyme assays performed under aerobic conditions. A Perkin-Elmer (Norwalk, Conn.) Lambda 3 spectrophotometer was used for the enzyme assays performed in the anaerobic workstation.
Measurement of nucleotide pools. Levels of ATP, ADP, NAD(P), and NAD(P)H were measured after extraction of a culture broth sample, neutralization, and filtration. Samples of 2 ml were taken quickly from the bioreactor with sterile syringes and immediately put into tubes containing the extractant, without separating the cells from the medium. ATP and ADP were extracted by the method described by Cole et al. (8) , with the modifications introduced by Meyer and Papoutsakis (26) . ADP was converted to ATP by creatine phosphokinase (15) . ATP levels were measured by a luminescence assay using firefly luciferase (46) , with a Nucleotimetre 107 CLV (Biolumat; Berthold Co., Wilbald, Germany). NAD and NADP were extracted with HCl (NADH and NADPH were degraded), and NADH and NADPH were extracted with KOH (degrading NAD and NADP) as described by Wimpenny and Firth (45) . Before assays for NADH and NADPH, these coenzymes were converted to NAD and NADP with glutamic dehydrogenase (45) . Levels of NAD and NADP in both extracts were determined by fluorimetric enzyme assays with a Hitachi (Tokyo, Japan) fluorimeter (model F-2000). NAD was assayed with a NAD(H)-specific alcohol dehydrogenase, and NADP was assayed with a glucose-6phosphate dehydrogenase (21, 23) .
A known amount of ATP, NAD, NADP, NADH, or NADPH was added to the assay as an internal standard. Controls were made to check reproducibility and nucleotide recovery of the extraction and assay procedures. Better recovery of NADH (about 95%) was obtained with a nonneutralized extract.
RESULTS
Fermentation products during growth on glucose or glycerol-glucose mixtures at pH 6.5. As glycerol is chemically more reduced than glucose and hence generates additional NAD(P)H in its catabolism, it is possible to quantitatively vary the net flow of reductant to the pyridine nucleotide pool by changing the glycerol/glucose ratio in the feed medium of chemostat cultures maintained at neutral pH. The specific rates of substrate consumption and product formation for a constant total amount of carbon (995 mM) are shown in Fig. 1 . Glucose-grown cultures produced acids without any solvents except for small amounts of ethanol. Part of the NADH produced during the glycolysis was reoxidized by the NADHferredoxin reductase (qNAD(P)H from Fd < 0) to yield reduced ferredoxin which was reoxidized by the hydrogenase. All cultures growing on mixtures of substrates were glucose limited, but glycerol was never entirely consumed. Increasing the glycerol/glucose molar ratio in the feed medium from 0 to 1.96 led to an increased production of alcohol without acetone formation and decreased production of hydrogen and organic acids (acetic and butyric). The NADH produced during the glycolytic pathway was not sufficient for the formation of alcohols, and part of the reduced ferredoxin produced by the pyruvate ferredoxin oxidoreductase was reoxidized by the ferredoxin-NAD(P) reductases to produce NAD(P)H (qNAD(P)H from Fd > 0). For glycerol/glucose ratios higher than 1.96, the specific rate of glycerol consumption decreased. When the culture in the chemostat was fed with glycerol alone, no growth was sustained, even at very low dilution rates. Analysis of key metabolic enzymatic activities. Enzymatic analysis of key metabolic activities were undertaken for both glucose and glucose-plus-glycerol (glycerol/glucose molar feed ratio of 1.96) chemostat cultures of C. acetobutylicum to determine why the alternative route of proton cycling (i.e., hydrogen production) closed down when reducing equivalent excess conditions were created and why alcohols formed without acetone production.
(i) Hydrogenases and coupling enzymes. The level of hydrogenase(s) in both directions was 1.5-fold higher for the culture on glucose and glycerol and could not explain the decrease in hydrogen production ( Table 1) . On the other hand, the NADH-ferredoxin reductase activity was significantly lower and the ferredoxin-NAD reductase activity was higher when glycerol plus glucose were metabolized (a 6.8-fold decrease for the former and a 9-fold increase for the latter) ( Table 1) . When the apparent substrate concentrations required for half-maximal velocities of the ferredoxin-NAD reductase were compared between the two cultures, significant differences were observed. The value for reduced ferredoxin was lower for the extract from the glucose-glycerol culture than for the extract from the glucose culture (apparent Ki,, 1.6 and 0.0009 ,uM for glucose and glucose-glycerol, respectively; apparent Vmax, 0.031 and 0.309 ,umol/min/mg of protein for glucose and glycerol-glucose, respectively.) (ii) Enzymes associated with solvent production. The ethanol and butanol dehydrogenases seem to be NADH dependent in both cultures, exhibiting fiveto eightfold-higher activities in the alcohol-producing culture ( Table 1 ). The acetaldehyde dehydrogenase was not significantly affected, whereas the NADH-dependent butyraldehyde dehydrogenase was present in the glucose-plus-glycerol culture but could not be detected in the glucose culture ( Table 1 ). The CoA-transferase activity was very low in both cultures compared with acetone-producing cultures (grown on glucose at low pH [12] ), for which it reached a value close to 1 U/mg of protein. This finding indicated that this enzyme was poorly expressed and thus explained why acetone was not produced. Even without acetone formation, the acetoacetate decarboxylase activity was present at a significant level in both cultures, although at levels lower than those obtained with acetone-producing cultures grown on glucose at pH 4.4 (12) .
(iii) Enzymes associated with acid formation. Although the kinases and the phosphotransacylases were present in the alcohologenic culture, their activities were lower than in the acidogenic cultures (Table 1 ). The acetate kinase activity was decreased by a factor of 2 (either in the physiological direction or in the nonphysiological direction), while the phosphotransacetylase activity decreased by a factor of 6. The butyrate kinase (in the nonphysiological direction) and the phosphotransbutyrylase showed a fourfold decrease.
(iv) Other enzyme activities. A twofold-higher level of glyceraldehyde-3-phosphate dehydrogenase and thiolase and a eightfold increase in 3-hydroxybutyryl-CoA dehydrogenase were observed for the alcohologenic culture (Table 1 ). On the other hand, the pyruvate ferredoxin oxidoreductase had a twofold-lower activity.
Intracellular nucleotide pools. The intracellular NAD(P), NAD(P)H, ATP, and ADP concentrations of glucose and glucose-plus-glycerol (molar glycerol/glucose ratio of 1.96) cultures grown at pH 6.5 in a chemostat are presented in Table   2 . A sevenfold increase in NADH was observed for the mixed substrate culture. Although the ATP-ADP pool remained constant (about 3.2 pmol/g [dry weight] of cells), a 2.5-fold increase in ATP also occurred for this culture. NADPH was below the limit of detection of the method used for both cultures.
DISCUSSION
The growth of C. acetobutylicum at neutral pH on mixtures of glycerol and glucose induced the formation of butanol and ethanol and decreased the production of acetate, butyrate, and hydrogen (Fig. 1 ). Meyer et al. (27) reported similar results when glucose-limited chemostat cultures of C. acetobutylicum were sparged with CO, a reversible inhibitor of hydrogenase activity. In such conditions, electrons produced by the glycolytic conversion of glucose to pyruvate and by the oxidation of pyruvate to acetyl-CoA were used to produce alcohols and lactate instead of hydrogen.
Glycerol is a more reduced substrate than glucose, for the same amount of carbon glycerol -metabolism liberates twice as much NADH as glucose (Fig. 2) . The reducing equivalent excess provided by the conversion of glycerol to pyruvate must be oxidized through the NADH uptake pathways. Surprisingly, this reducing power was not used to form molecular hydrogen, the terminal electron acceptor. On the contrary, part of the reduced ferredoxin produced by the pyruvate ferredoxin oxidoreductase was used to generate NADH, leading to low hydrogen production. This result cannot be explained by a change in the level of the hydrogenase, as it was present at a higher level under mixed substrate growth. On the other hand, the decreased NADH-ferredoxin reductase level and the increased level of the ferredoxin-NAD(P) reductases turned the electron flow from reduced ferredoxin toward the production of NAD(P)H at the expense of hydrogen, presumably by decreasing the level of reduced ferredoxin. Furthermore, the differences in the concentration of reduced ferredoxin required for half-maximal velocities of the ferredoxin-NAD oxidoreductases in each of the culture conditions suggest that there are two enzymes with different modes of regulation. In the case of glucose cultures, the ferredoxin-NAD oxidoreductase is mainly active for the reduction of ferredoxin and should be called an NADH-ferredoxin reductase. In the case of glucose-glycerol cultures, the ferredoxin-NAD oxidoreductase is predominantly responsible for the reduction of NAD and should be called a ferredoxin-NAD reductase. The existence of distinct ferredoxin-NAD oxidoreductases has also been shown for other clostridia. For example, when Clostridium tyrobutyricum was grown on glucose, a high NADH-ferredoxin reductase activity and a low ferredoxin-NAD reductase activity directed the electron flow from NADH to ferredoxin and H2 (34) . However, when cultures were grown on pyruvate-acetate mixtures, NADH-ferredoxin reductase was not detected and only a ferredoxin-NAD reductase controlled the electron flow from reduced ferredoxin to NADH at the expense of H2 (36) . Clostridium thermocellum produces a ferredoxin-NAD reductase but no NADH-ferredoxin reductase (22) .
As both glycerol catabolism and ferredoxin-NAD reductase lead to NADH formation, the NAD regeneration must proceed through the alcohol formation pathway. All aldehyde and alcohol dehydrogenases detected in the glycerol-glucose culture were mainly NADH dependent. The levels of acetaldehyde dehydrogenase were similar in the acidogenic and solventogenic cultures, and hence the regulation of this enzymatic activity was not affected. In contrast, ethanol production seems to be controlled at the genetic level via a higher expression of ethanol dehydrogenase: a fivefold increase of the in vitro activity of this enzyme was associated with a fivefold increase of the in vivo ethanol production rate.
Butanol formation was closely related to the induction of the NADH-specific butyraldehyde and butanol dehydrogenases. Husemann and Papoutsakis (18) concluded that butanol formation in continuous cultures of C. acetobutylicum (dilution rate, 0.25 h-1; pH 4.5 and 6.0) was regulated at the genetic level via expression of a butyraldehyde dehydrogenase. In addition, they found that the levels of NAD-dependent and NADP-dependent butyraldehyde dehydrogenase were almost identical, and both were induced most strongly in the presence of CO, followed in intensity by butyric acid and glucose.
Welch et al. (41) have shown that C. acetobutylicum ATCC 824 produces at least three different butanol dehydrogenases, two NADH dependent and one NADPH dependent. The genes coding for the two NADH-dependent enzymes were recently cloned (33) and sequenced (40) and were shown to be expressed by different promoters. Northern (RNA) analysis of mRNA from a glycerol-glucose-grown culture will allow the characterization of the butanol dehydrogenase(s) expressed.
Alcohol production in the glycerol-plus-glucose chemostat was not accompanied by acetone formation. The results of onstrated that acetone formation does not necessarily have to accompany a sustained butanol production. Acetone formation requires no reduction energy, and it appears that the cellular control mechanisms avoid its production in order to maximize the regeneration of NAD(P) in the reduced nucleotide-consuming pathway. The expression of the CoA-transferase was hence very low in either chemostat culture. However, the acetoacetate decarboxylase activity was present but at a level genes (32), the CoA-transferase genes and the acetoacetate gene are not expressed under the control of the same promoter (11) .
Low acetic and butyric acid production in the glycerol-plusglucose culture (initial molar ratio, 1.96) is associated with a diminished activity of the acetate and butyrate kinases, phosphotransacetylase and phosphotransbutyrylase. It is interesting that the phosphotransbutyrylase/butyrate kinase ratio was almost constant and equal to 5 in both cultures. Those two genes were shown to be part of an operon (7) , and our results suggest a lower induction or a partial repression of the genes in the glycerol-glucose culture. It is also possible that high intracellular ATP concentrations (Table 2 ) are important for the in vivo regulation at the enzyme level (17, 26) . Wiesenbom et al. (43) showed that ATP is inhibitory to phosphotransbutyrylase. A lower level and an inhibition of this enzyme associated with the induction of a butyraldehyde dehydrogenase would result in a redirection of the butyryl-CoA flow to the formation of butanol at the expense of butyrate.
In the glycerol-plus-glucose culture (initial molar ratio, 1.96), the pathway leading to the four-carbon (C4) end products is more favored than the one leading to the two-carbon (C2) end products (qC4/qc2 = 2.63). This is in contrast to the situation for the glucose-grown culture (qc4Iqc2 = 1.55). At least two reasons might explain these results: (i) the decreased level of pyruvate ferredoxin oxidoreductase involved in the production of the key intermediate, acetyl-CoA, and (ii) the increased level of at least two enzymes involved in the pathway of acetyl-CoA consumption for C4 compound production, thiolase and 3-hydroxybutyryl-CoA dehydrogenase.
Two distinct conditions exist under which solvent formation may be initiated in continuous cultures of C. acetobutylicum: (i) low pH or addition of butyric acid results in the formation of butanol, ethanol, and acetone and is associated under steady-state conditions with a normal level of NADH and a high level of ATP (12, 26) ; and (ii) decreasing the in vivo activity of the hydrogenase by carbon monoxide, methyl viologen, or iron limitation leads to alcohol production alone (16, 27) and is correlated, under steady-state conditions, with high levels of both NADH and ATP (16, 26) . The shift observed when glycerol is metabolized at neutral pH belongs to this second category, as both high intracellular NADH and ATP concentrations and low hydrogen production were observed. The existence of two different signals for the shift in butanol production is now established, but our working hypothesis is that the butyraldehyde and butanol dehydrogenases induced by each of these signals may be different.
